Local cerebral hemodynamics and oxygen metabolism were measured by positron emission tomog raphy (PET) with the oxygen-15 C50) steady-state method in baboons, immediately before (TO), 1 (Tl), and 3-4 (T2) h after permanent middle cerebral artery occlu sion (MCAO). At Tl, there was a marked fall in both cerebral blood flow (CBF) and the CBF/cerebral blood volume (CBV) ratio in the occluded territory; these changes were sustained at T2, indicating stable reduction in cerebral perfusion pressure and lack of spontaneous reperfusion within this time range. Compared with pre occlusion conditions, the oxygen extraction fraction (OEF) in the occluded territory was elevated at both Tl and T2, indicative of a persistent oligemia/ischemia for up to 3 h after MCAO. At T2, however, this OEF increase had lessened, concomitantly with a decline in cerebral metabolic rate of oxygen (CMR02). This impairment of Positron emission tomography (PET) studies in humans have provided a unique insight into the metabolic and hemodynamic events which charac terize the evolution of acutely ischemic tissue, es pecially in relation to its function and viability (Baron et aI., 1981(Baron et aI., , 1983 Lenzi et aI., 1982; Wise et aI., 1983; Powers and Raichle, 1985; Hakim et aI., 
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1989; Sette et aI., 1989; Baron, 1991; Heiss et aI., 1992) . These reports described the frequent occur rence of marked oxygen extraction fraction (OEF) increases in the ischemic regions within 6-48 h fol lowing onset of stroke, indicating that an oligemia! ischemia may persist for several hours after cere brovascular occlusion. At follow-up PET studies a few days later, this OEF increase had sharply de clined in association with a fall in cerebral meta bolic rate of oxygen (CMROz), which suggests a transition from ischemia to infarction (Wise et aI., 1983; Baron et aI., 1983) . However, the complexity of performing serial PET studies on the same sub ject immediately after stroke has prevented us from understanding the time course of changes in cere bral blood flow (CBF) and CMROz within the initial phase of ischemia. Thus, intriguing questions such as how early CMR02 declines and whether this de cline is reversible remain unsettled.
Models of focal cerebral ischemia in primates have provided a wealth of valuable data on early circulatory and biochemical changes (Heiss et aI., 1976; Siesjo, 1978; Astrup et aI., 1981; Garcia, 1984; Ginsberg, 1990) , but thus far have not allowed the concomitant measurement of both regional CBF and CMR02. Thus, combination of PET methodol ogy with a technique to produce focal cerebral isch emia in baboons could be an attractive method to investigate the pathophysiology and therapy of acute stroke. However, because of the obvious lo gistical complexities involved, this approach has not been reported to date.
In the present study,. we have investigated the feasibility of performing sequential PET-15 0 studies in baboons subjected to acute focal ischemia. We measured CBF, cerebral blood volume (CBV), OEF, and CMR02 before and serially within the first 4 h following unilateral middle cerebral artery occlusion (MCAO).
METHODS

Animal preparation
The experiments were carried out on five adult male baboons (Papio papio) weighing 10-13 kg. At 6:00 a.m., the fasted animal was sedated by an intramuscular injec tion of ketamine (10 mg/kg), intubated, and, following placement of a femoral vein catheter, curarized with al curonium (0.025 mg/kg) and artificially ventilated with ni trous oxide (N20) and oxygen (02) (66:3 3%). Light anes thesia with analgesia was maintained during the entire experiment using N20/02 ventilation and repeated intra venous injections of midazolam (5 mg every 0.5-2 h). Both femoral arteries were cannulated for continuous blood pressure monitoring and arterial blood sampling. Physiological central temperature was maintained by means of a thermoregulated electric heating blanket. The ECG, arterial pressure, hematocrit, hemoglobin, arterial Pao2 and Paco2, pH, and plasma glucose levels were con tinuously or regularly monitored. Scalp electrodes were placed for EEG recordings, and the end-tidal %C02 was monitored with a Beckman LB2 analyzer; normocapnia was obtained by adjusting the ventilation tidal volume.
Ischemia
Focal cerebral ischemia was produced by occlusion of the left middle cerebral artery (LMCA). Through use of an operating microscope, the proximal segment of the LMCA was exposed via a transorbital approach (Hudgins and Garcia, 1970; O'Brien and Waltz, 1973) . The surgical preparation, which lasted -1 h, was performed in the operating room within 1 h of the initial ketamine injection, under light anesthesia with N20/02 ventilation and mida zolam (5 mg intravenously injected every 30 min). A base line PET study was performed immediately after surgery, which would include any effect of surgery on brain func tion. LMCA occlusion was performed at 12:00 a.m., im-mediately after completion of the baseline PET studies by placing a miniature clip on the proximal MCA segment.
PET studies
Three consecutive PET studies were performed on each baboon: TO (baseline), Tl [start of study: 50 ± 3 min (mean ± SD) after MCAO] and T2 (3.5 ± 0.6 h after MCAO). The head of the baboon was fixed in a Perspex stereotaxic apparatus and then positioned in the camera tunnel by means of a laser beam system and according to the PET-anatomic atlas of Riche et al. (1988) , so that the lowest slice was parallel to and 5 mm below the can thomeatal line. This procedure allowed us to obtain intra animal (i.e., from TO to T2) and interanimal reproducible head positioning along the three main brain cuts levels (CM -5, + 10 and + 25 mm) that pass through the cere bellum, the basal ganglia, and the centrum semiovale, respectively. Correction for photon attenuation was car ried out using a germanium-68-gallium-68 transmission scan. For the assessment of CBF, CMR02, OEF, and CBV, we used the steady-state 150 continuous inhalation method (Frackowiak et aI., 1980; Lebrun Grandie et aI., 1983) , with successive inhalation of tracer amounts of CIS02, 1502' and C150; a LETI TTVOI time-of-flight cam era with four rings (seven slices; axial and lateral resolu tion: 13 mm) was used (Soussaline et aI., 1985) . The ex perimental validation of this method and its advantages and limitations when applied to the study of cerebral isch emia have been published elsewhere (Baron et aI., 1981; Steinling et aI., 1985; Baron et aI., 1989) . The calculated OEF and CMR02 values were corrected for nonextracted intravascular 150-labeled hemoglobin using the CISO steady-state method as described in previous reports (Lammert sma and Pantano et aI., 1985; Sette et aI., 1989) . During each CIS02, 1502' and CISO scan, four arterial blood samples were taken (two each at the beginning and end of acquisition) for whole blood and plasma radioactivity measurements; the mean values were used for parametric image generation, as described elsewhere (Sette et aI., 1989) . Euthanasia was induced at the end of the experiment by means of deep barbiturate infusion and KCI injection. The brain was removed and the correct position of clip verified in each case. Because of the short duration of ischemia, we did not attempt in this exploratory investigation to carry out histological analysis for mapping of ischemia-induced neuronal death.
Data analysis
The regions-of-interest (ROI) strategy is described in detail in the results section.
Mean ROI values of CBF, OEF, CBV, and CMR02 were obtained, and corresponding CBF/CBV ratios cal culated [the CBF/CBV ratio is considered a reliable index of local cerebral perfusion pressure under conditions of stable general vascular resistance and blood viscosity (Gibbs et aI., 1984; Sette et aI., 1989) ].
Statistical analysis was performed by repeated mea surement one-way analysis of variance (ANOV A) on all physiological parameters monitored during the studies and on absolute values of CBF, CMR02, OEF, CBV, and CBF/CBV ratios. If the ANOV A showed significant changes, differences between sequences were calculated using paired t test with Bonferroni correction for planned comparisons (TO vs. Tl, TO vs. T2, and Tl vs. T2). With this correction, significances at the 0.05 and 0.01 levels correspond to actualp values 0[0.017 and 0.0033, respec tively.
RESULTS
The ANOV A revealed no significant change in physiological variables during the repeated studies except for P a02 and plasma glucose levels (p = 0.033 and 0.030, respectively). However, results of t tests between sequences were not significant (Ta ble 1).
Parametric PET images of CBF, CMR02, OEF, and CBV obtained in animals 2 and 5 at different times are shown in Fig. lA and B . At baseline, the images displayed symmetric values, indicating no major effect of surgical preparation. At Tl, there appeared an area of decreased CBF and increased OEF, the size of which was roughly similar in all baboons and involved the whole LMCA territory. The CBV was increased in the same area in most animals. Mild decreases in CMR02 were observed, more often in the deep than in the cortical LMCA regions. At T2, the CBF decrease was roughly sim ilar to that present at Tl, whereas the OEF increase appeared generally less prominent and less exten sive, and was confined essentially to the cortical territory. The CMR02 decrease now appeared more marked.
To quantitate these effects differentially accord ing to the three major areas (namely, the whole, the deep, and the cortical MCA territories), we elected to avoid the too-subjective use of irregularly shaped ROIs placed arbitrarily over the visually appearing maximal change areas; instead, we designed the fol lowing objective ROI strategy.
ROI strategies
Anatomical strategy. We based this strategy on the PET-anatomic baboon atlas of Riche et al. (1988), the distribution of the cortical MCA terri tory in the baboon (Liu et al., 1992) and that of typical deep MCA territory infarction in the mon key (Jones et aI., 1981) . Two ROIs, one covering the whole, and the other the deep, MCA territories, (Fig. 2) , were visually drawn on the baseline CBF (i.e., TO) images by one investigator blind to the post-MCAO changes. The brain was first delineated on the PET image by a computer-generated isocon tour set at 50% of maximal CBF pixel value. Then, the deep MCA ROI (which includes the head of the caudate, the putamen, and the internal capsule) was placed on the CM + 10 mm cut while the whole MCA ROI was drawn on both the CM + 10 mm and the CM + 25 mm cuts (for data analysis, the weighted average of these two ROIs was used to define the "whole MCA").
Physiological strategy. The area showing the maximal OEF increase at Tl was computer generated on the CM + 10 mm cut (where OEF changes were always the most prominent) by an isocontour set at 90% of maximal OEF pixel value (mean area = 3.06 ± 0.68 cm 2 , for n = 5). In each case we verified that this maximal OEF ("max OEF") ROI corresponded essentially to the cortical MCA territory and did not overlap with the deep MCA ROI (Fig. 2) (except for a few pixels in one animal). All the ROIs were copied on the contralat eral side and the whole set of ROls was transferred on parametric images from the set of sequential studies (TO, Tl, and T2).
Effects of MCAO on contralateral side
There were no significant changes from baseline on the side contralateral to the occlusion in either the whole MCA, or deep MCA, or max OEF ROIs, for any PET parameter measured (data not shown).
Effects of MCAO on occluded side
The ANOVA revealed significant time effects in both deep and max OEF ROIs for the CBF (p = 0.0006 and 0.0001, respectively), the OEF (p = 0.0046 and 0.0001, respectively) and the CBF/CBV ratios (p = 0.0012 and 0.0006, respectively). The ANOV A also disclosed a significant time effect for the CMR02 in the deep MCA ROI but not in the max OEF ROI (p = 0.0214 and 0.110, respectively). Relative to TO, the changes were as follows: In the whole MCA region (Table 2) there were significant reductions in CBF and CBF/CBV at Tl (-27%, p = 0.011; -36%, p = 0.015), the magnitudes of which were unchanged at T2 (-31 %, p = 0.005; -37%, p = 0.003). The OEF was significantly in creased at Tl ( + 45%, p = 0.009) and at T2 ( + 35%,
FIG. 1. CBF, OEF, CMR02, and CBV images (CM + 10 mm, "basal-ganglia level") obtained in baboons 2 (A) and 5 (8) before and 1 and 3 h after LMCAO. A marked CBF decrease with an increase in the OEF and CBV is evident in both baboons 1 h after MCAO in the occluded territory. At 3 h the established CBF reduction appeared unchanged; the OEF was still increased, but over a narrower area than that observed at 1 h. The CMR02 appeared symmetric at 1 h and decreased at 3 h in baboon 2 (A), while in baboon 5 (8) it was already decreased at T1. This decrease involved more the deep than the cortical MCA region and appeared more marked at T2. p = 0.015). Regarding CMR02, there was a mild decrease at T2 ( -8%) which was not significant.
In the deep MCA region (Fig. 3) there was a sig nificant and stable decrease in CBF at both T1 and T2 (mean -33%, p = 0.0024; -39%, p = 0.005). The CBF/CBV was reduced at T1 (-35%, p = 0.023) but significantly so only at T2 ( -42%, p = 0.0016). The OEF was increased at both T1 and T2, but significantly so at T1 only (+ 42%, p = 0.003 and + 23%, p = 0.07). The mean CMR02 was not significantly altered (but variable) at T1, and signif icantly decreased at T2 ( -23%, p = 0.010). In the max OEF region (Fig. 3) there was a marked, statistically significant, decrease in both CBF and CBF/CBV at T1 (-47%, p = 0.002 and -51%, p = 0.009), of unchanged magnitude at T2 (-50%, p = 0.003 and -49%, p = 0.0109). The OEF was increased at T1 ( + 76%, p = 0.0016) but less so at T2 ( + 44%, p = 0.001). The CMR02 was variable, but on average unaltered at T1 and decreased (but not significantly) at T2 (mean -23%, p = 0.081).
There were no significant changes in either he modynamic or metabolic parameters from T1 to T2. Such data are not reported here in detail. The repeated measurement one-way ANOV A showed significant time effects for CBF, OEF, and the CBF/CBV ratio. Significant differences between time sequences were calculated post hoc using paired t test with Bonferroni correction and the significant p values were set at 0.017 (95% confidence limits) and 0.0033 (99% confidence limits). a p < 0.017. b P < 0.0033. Relative to baseline values, marked, significant reductions in CBF and the CBF/CBV ratio can be seen in both regions at T1 and T2; the associated rise in the OEF was also significant, except at T2 in the deep MCA territory. The mean CMR02 is not significantly altered at T1 in either region (although with a large variance) but is decreased at T2 in both regions, significantly so in the deep MCA territory. (* = statistically significant taking into account the Bonferroni correction, that is, p = 0.017.)
PCCLUDED DEEP MCA ROI I
Individual analysis
In order to evaluate the individual changes and understand better the variability among animals, we computed the occluded/contralateral ratios (O/C) calculated for the deep MCA and max OEP ROIs. The O/C ratios obtained in each animal were then compared to the 95% individual prediction limits calculated from the corresponding ratios obtained for the five baboons at baseline. The results are shown in Pig. 4 and detailed in the legend.
DISCUSSION
We have demonstrated the feasibility of combin ing PET 15 0 methodology and MCAO in baboons. Thus, it was possible on the same day to conduct the surgical preparation, the baseline PET study, the occlusion of the MCA, and two postocclusion PET studies, without major problems in either con trol of animal physiological status, clipping of the MCA on the PET camera couch, or subsequent head repositioning in the PET device.
Both the parametric images (Pig. 2) and the ROI data (Pigs. 3 and 4) also demonstrate that the PET 15 0 steady-state method is quite sensitive in identi fying areas of reduced CBP, increased OEP and CBV, and reduced CBP/CBV ratios and CMR02 within the first 4 h post-MCAO in the baboon. How ever, the partial volume effects that result from the limited spatial resolution of our PET camera rela tive to the size of the baboon's brain structures (Hoffman et aI., 1979) predictably have affected our measurements in two ways: (a) by smearing of gray and white matter, they cause relatively low baseline CBP and CMR02 values and further induces a model-related underestimation of these parameters by up to 20% (Baron et aI., 1989) ; and (b) they pre vent the detection of local heterogeneities in flow and metabolism which are known to occur in the early stages of focal cerebral ischemia (Rossmann et aI., 1985) . Such averaging effects would be fur ther accentuated by the ROI analysis, which pro vides averages of sampled pixels; in addition, the � ...
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strategy for ROI definition employed in this study, as objective as possible, though was not designed to detect either highly localized changes or maxi mally hypoperfused or hypometabolic pixels. Other limitations of our study should be mentioned, espe cially (a) the small sample size relative to the well known variability in effects of MCAO in primates (Garcia, 1984) , although this was partly compen sated for by our longitudinal design; (b) the design of this feasibility study, which restricted the inves tigations to the initial hours after MCAO, thus pre venting us from evaluating the significance of our findings in terms of development of infarction. Fu ture studies should employ higher resolution PET and allow for chronic experiments with long-term survival and histologic analysis of subsequent in farction.
Bearing in mind these limitations, five pathophys iological points can be made on the basis of our J Cereb Blood Flow Metab, Vol. 13, No.3, 1993
findings. First, the decrease in CBF and the CBFI CBV ratio present at Tl remained essentially stable at T2, suggesting no trend for the development of collateral revascularization beyond that already present at Tl, in agreement with the stable perfu sion in cats measured in the occluded MCA terri tory for at least 3 h (Date and Rossmann, 1984) . Second, despite the lack of spontaneous reperfu sion, the initially marked OEF increase was much less prominent at T2, both in magnitude and extent and appeared to reflect declining CMR02 (see Figs. 3 and 4); this phenomenon, taken by some authors to herald impending infarction (Wise et aI., 1983) , is shown here to occur very early after MCAO. Third, in agreement with previous findings in humans (Wise et aI., 1983) , the deep MCA territory seemed to deteriorate metabolically earlier than the cortical territory, as suggested by both the individual changes ( Fig. 4 ) and the significant decrease of CMR02 at T2 in the former region. Such a finding would be consistent with the fact that MCAO pref erentially induces deep MCA infarcts in monkeys (Dodson et aI., 1975; Jones et aI., 1981) ; the CBF decrease in the striatum has also been consistently found more pronounced than in the cerebral cortex (Jones et aI., 1981; Garcia, 1984) , and reflects the lack of a collateral system in the lenticulostriate ter ritory (Van der Eecken, 1959) . The fact that such differences in the degree of CBF reduction were not apparent here could be due to our ROI strategy, which, superimposed on partial volume effects, could have led to an underestimation of the real CBF decrease in the deep MCA region. Fourth, in the affected cortical area (the max OEF ROI) the CMR02 was well preserved 1 h after MCAO in terms of absolute mean and relative individual val ues ( Fig. 4) (it was significantly reduced only in baboon 4). Even 3 h post-MCAO, the mean CMR02 in this area was still not significantly affected, and, on an individual level, only two animals had a sig nificant relative fall in CMR02• This intriguing (and possibly important) observation has never been re ported in humans. Earlier PET studies in dogs (De Ley et aI., 1988) showed a 10% CMR02 decrease 3 h after unilateral thromboembolic stroke; but this study was limited by gross partial volume effects.
Could our finding of maintained CMR02 be re lated to methodological problems? Because of par tial volume effects, we may have overlooked local metabolic heterogeneity (Hossmann et aI., 1985) , as well as underestimated changes localized in the cor tical mantle (Powers and Mintun, 1987) ; further more, our ROI strategy was not designed specifi cally to investigate CMR02 changes. Also, we can not exclude a protective effect of anesthesia, although we used a light anesthetic regimen. De spite these problems, a marked cortical hypometab olism would not have been missed, which in turn suggests that oxidative metabolism appears rela tively maintained in the occluded cortical MCA ter ritory up to 3-4 h after MCAO, a possible indication of prolonged tissue viability. This observation could be related to a moderate hypoperfusion (so-called "oligemic range") in our sample (except in baboon 4), as shown by the CBF values in the affected cor tex ranging from �50 to 67% of contralateral cortex (Fig. 4 ). Yet, the trend for a decline of CMR02 and OEF at T2 would indicate a progressing metabolic impairment in the cortical areas, possibly heralding irreversible damage. A wholly different, but less likely, interpretation of our findings would impli cate uncoupling of mitochondrial respiration, with normal CMR02 despite grossly impaired energy production (Nowicki et aI., 1991) . Follow-up PET studies with or without reversible MCAO and final histological analysis would help settle these issues. Fifth, we found no significant contralateral effects up to 3 h post-MCAO, consistent with previous ex perimental and human studies (Jones et aI., 1981; Wise et aI., 1986) , which suggests that transhemi spheric diaschisis occurs, if at all, in a later phase of cerebral infarction (Andrews, 1991) .
In conclusion, the present study establishes the feasibility of combining PET-15 0 methodology and MCAO in baboons and suggests that this could be a valuable approach for further investigations of both the pathophysiology and the therapy of focal cere bral ischemia; to this end, however, higher resolu tion PET and/or chronic experiments would be de sirable.
